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1.  Generation  of  Short  CO,,  Laser  Pulses  by  Means  of  a  Bistable  Optical 

i-i 

Element 

Interest  in  obtaining  short  pulses  from  a  CO2  laser  for  use  in  studies 
of  coherent  interactions  and  relaxation  in  gaseous  systems  has  led  to 
the  development  of  a  bistable  optical  element  which  promises  to  be  of 
general  applicability  in  a  wide  variety  of  laser  systems.  The  device 
consists  of  a  Fabry-Perot  cavity  filled  with  a  saturable  absorber. 

When  used  as  one  mirror  of  a  laser  cavity,  the  device  can  be  operated 
so  as  to  switch  rapidly  from  a  high  reflection,  low  transmission  state 
to  a  low  reflection,  high  transmission  state  and  thus  dump  all  of  the 
energy  stored  in  the  laser  cavity  in  a  time  comparable  to  the  round 
trip  time  of  the  cavity.  Other  configurations  are  possible  which  permit 
repetitive  Q-switching,  stabilization  of  laser  output  intensity,  conversion 
of  CW  laser  output  to  an  infinite  pulse  train  of  controllable  separation 
and  duration,  and  logical  operations  on  two  or  more  signals.  Further 
details  are  given  in  Appendix  I. 

2.  Rotational  Relaxation  Effects  in  CO^  Observed  in  Standing  Wave 

Saturation  Resonances  in  Spontaneous  Emission 

(This  work,  has  been  done  jointly  with  Dr.  Charles  Freed  of  Lincoln 

Laboratories) 

The  rotational  relaxation  linewidth  of  CO2  has  been  measured  as 
a  function  of  pressure  by  means  of  a  standing  wave  saturation  technique. 

In  the  experiment  a  low  pressure  CO2  absorption  cell  at  room  temperature 
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is  subjected  to  standing  wave  radiation  from  a  single-mode 
CO.,  laser  oscillating  on  a  preselected  10.  6g  P  or  R  branch 
transition.  The  upper  level  of  the  transition  belongs  to  the  (001) 
vibrational  state.  The  saturation  effect  is  observed  as  a  sharp 
decrease  in  spontaneous  emission  at  4.  3|i  [  (001  -*(000)  ]  as  the 
laser  lines  tuned  through  the  center  of  the  corresponding  10.  6p 
absorption  line.  At  a  low  power  level  the  width  of  the  change  signal 
is  a  measure  of  the  relaxation  rate  in  the  (001)  vibrational  level. 

At  higher  powers,  saturation  broadening  effects  set  in.  Pressure  shifts 
have  also  been  measured. 

The  effect,  which  is  closely  related  to  the  Lamb  dip  effect,  may 
be  understood  as  follows:  The  intense  laser  field  produces  an  increase 
in  the  population  of  the  (001)  vibrational  state.  Because  of  rapid 
rotational  relaxation  this  population  increase  occurs  over  a  whole  set 
of  rotational  levels.  Accordingly,  the  4.  3^  fluorescence  intensity 

i 

increases  over  the  entire  band  by  an  amount  A I  which  is  a  nonlinear 
function  of  the  laser  field  intensity.  For  a  sufficiently  intense  laser 
field,  Alaecreases  resonantly  by  a  sizeable  fraction  as  the  laser 
frequency'!/  is  tuned  over  a  narrow  frequency  interval  centered  about 
the  peak  frequency  of  the  Doppler  profile,  j/q.  The  maximum  of  the 
resonance  occurs  at  v  =  j/q  and  its  linewidth  as  a  function  of  v  =  i/q 
is  determined  by  the  CO,,  relaxation  rate,  the  power  broadening  of 
the  absorbing  transition,  are  the  broadening  due  to  the  molecular 
transit  time  across  the  diameter  of  the  incident  beam.  This  technique  is 
applicable  to  other  molecules,  such  as  CO,  and  further  experiments  are 
planned. 
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3.  Influence  of  Molecular  Relaxation  in  Coherent  Optical  Processes 

A  series  of  relaxation  studies  is  currently  under  way  in  which  the 

fluorescence  produced  by  short  intense  laser  pulses  passing  through 

a  resonant  gaseous  absorber  is  used  to  monitor  the  excitation  density 

remaining  after  the  pulse  has  traversed  the  medium.  One  may  obtain 

considerable  information  on  relaxation  processes  by  studying  the 

fluorescence  intensity  as  a  function  of  input  pulse  intensity 

("fluorescence  curve")  under  various  conditions.  The  overall 

features  of  the  fluorescence  curve  depend  on  the  relative 

magnitudes  of  the  pulse  duration,  r  ,  and  the  mean  relaxation  time, 

T,  and  on  the  input  pulse  field  intensity  (electric  field  of  magnitude  E). 

For  sufficiently  small  values  of  the  input  field  (0  *=  r  «  1,  fji  = 

2 

transition  matrix  element), the  excitation  is  proportional  to  ©  and 

hence  increases  linearly  with  the  pulse  intensity.  This  statement  remains  true 

for  y  >  1  Provided  jiE  T  «  ^  except  that  in  the  latter  case  the  slope  of  the 

2  2 

fluorescence  curve  would  be  proportional  to  T  rather  than  r  .  Note, 

P 

however,  that  in  any  attempt  to  extract  relaxation  times  from  fluorescence 
measurements  in  the  weak- field  limit,  one  would  also  have  to  take  into  account 
the  presence  of  non-raaiative  decay  channels  and  radiation-trapping  effects. 

In  the  case  of  an  inhomogeneously  broadened  line  whose  spectrum 

2 

is  wide  compared  to  that  of  the  excitation  pulse,  the  initial  E  dependence 
of  the  excitation  goes  over  into  a  linear  dependence  upon  E,  i.  e.  becomes 
proportional  to  the  square -root  of  the  intensity,  when  the  lesser 

r  ^  T  «  1.  Therefore,  given  a  knowledge  of  p  and  the 
calibration  of  the  intensity  scale,  it  is  possible  to  obtain  the  relaxation 
time  from  this  transition  region  of  the  fluorescence  curve. 
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An  even  more  direct  way  to  obtain  this  information  would  be  to 
measure  the  fluorescence  curve  <<  T  where,  at  appropriate  values  of 
field  intensity  (i.e. ,  0  =  nr),  the  self-induced  transparency  effect  occurs.  In 
this  case,  the  sample  is  left  in  a  completely  unexcited  state  after  the 
passage  of  the  pulse.  Accordingly,  the  fluorescence  intensity  from  the 
upper  level  to  so  ne  lower  level  is  a  minimum  for  this  pulse,  as  compared 
with  pulses  of  higher  or  lower  energy.  One  thus  expects  to  see  maxima  and 
minima  corresponding  to  0  =  nir  superimposed  upon  the  background  slope 
of  the  fluorescence  curve.  This  effect  provides  both  a  calibration  of  the 
intensity  scale  and  a  direct  measure  of  the  relaxation  time,  since  the 
presence  of  the  maxima  and  minima  is  very  sensitive  to  having  Tp<T.  The 
latter  technique  has  the  advantage  that  it  can  be  used  in  dilute  systems  where 
the  observation  of  self- induced  transparency  is  impractical  because  of  the 
small  absorption  coefficient.  Furthermore,  calculations  show  that  the 
effect  should  be  observable,  although  smaller,  in  degenerate  systems. 

Experiments  are  currently  in  progress  to  observe  these  effects  in 
the  4.  3m  (00 °1  -♦  00°0)  fluorescence  of  COg  excited  by  a  10.6 m  COg  laser. 

Initial  observations  show  the  transition  from  the  quadratic  to  the  linear 
dependence  on  E.  As  expected,  this  transition  region  shifts  to  lower  power 
levels  as  the  COg  presrure  is  lowered.  At  very  low  pressures,  some  in¬ 
dication  of  the  presence  of  flattened  regions  in  the  excitation  curve  are 
noted,  but  no  dips  of  the  magnitude  expected  have  been  observed  yet.  Computer 
calculations  using  realistic  pulse  shapes  and  including  relaxation  effects 
are  being  made  and  some  of  th«se,together  with  experimental  results,  are 
shown  in  Fig.  1.  Work  is  also  proceeding  on  obtaining  laser  pulses  with 
better  amplitude  and  frequency  stability  as  well  as  spatial  uniformity  -- 
characteristics  which  are  essential  for  observing  the  maxima  and 
minima  in  the  fluorescence  curve. 
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4.  Propagation  of  Intense  Short  Pulses  Through  SFg 

Experimental  studies  of  the  propagation  of  short  pulses  of  i0.6/u 
COg  laser  radiation  through  an  SFg  absorber  as  a  function  of  absorber 
pressure  and  of  incident  pulse  intensity,  have  been  completed  together 
with  a  detailed  theoretical  explanation  of  the  observations. 

It  has  been  shown  both  experimentally  and  theoretically  that  pulse 
reshaping  and  pulse  delays  can  be  obtained  in  systems  with  degenerate 
energy  levels  even  under  conditions  which  preclude  self- induced  trans¬ 
parency.  The  pressure  and  intensity  regimes  for  which  this  is  true  in 
SFg  have  been  elucidated.  Complications  due  to  apparent  self- focusing 
effects  at  high  pressure  and  high  intensity  have  been  noted.  (See  Appendix 
II  for  further  details.  ) 

A  theoretical  treatment  has  also  been  given  of  the  propagation  of 
"Zero  7r  "  pulses  through  degenerate  media.  Such  pulses  result  if  one 
introduces  a  180°  phase  change  between  the  leading  and  trailing  halves  of 

„0O 

a  pulse  in  such  a  way  that  ^  Edt  =  0.  For  coherent  excitation,  the  effect 

-oo 

of  the  second  half  of  the  pulse  is  essentially  to  undo  the  action  of  the  first 
half  of  the  pulse,  and  this  is  true  independent  of  the  matrix  element  of  the 
transition.  The  propagation  of  these  pulses  is  therefore  not  qualitatively 
altered  by  level  degeneracy,  as  is  the  case  for  the  propagation  of  2jt 
pulses.  In  the  absence  of  relaxation,  zero  degree  pulses  are  expected  to 
propagate  with  relatively  little  ioss  of  energy  but  considerable  distortion, 
and  would  be  a  much  more  sensitive  indicator  of  relaxation  processes  than 
2 1  pulses  m  degenerate  media,  where  the  coherent  interaction  effects  are 
masked  by  the  degeneracy. 
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5.  Study  of  the  CO  Laser  and  Plans  for  the  Investigation  of  Chemical 

Lasers  in  the  Near  Infrared 

Plans  are  under  way  for  a  detailed  examination  of  the  excitation  and 
relaxation  processes. occurring  in  the  efficient  CO  laser.  These  include 
attempts  towards  observing  laser  oscillations  on  the  vibrational  overtones 
corresponding  to  the  v— *  v-2  transitions,  'which  fall  in  the  2.  5?z region. 

The  investigation  may  possibly  be  extended  to  chemical  lasers  such  as  HF 
and  DF.  One  goal  is  to  obtain  oscillations  on  vibrational  overtones  in  these 
molecules  by  inhibiting  the  v-#  v  -  1  oscillations.  This  would  open  the 
possibility  of  obtaining  efficient  laser  oscillations  in  the  1  to  1.  5*i  region. 
The  above  studies  are  being  planned  simultaneously  with  an  investigation  of 
detailed  relaxation  mechanisms. 


I 
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APPENDIX  I 

A  BI-STABLE  OPTICAL  ELEMENT  AND  ITS  APPLICATIONS 

A.  Sz'Bke,  V.  Daneu,  J.  Goldhar,  and  N.  A.  Kurnit 
Department  of  Physics,  MIT,  Cambridge,  Mass.  02139 

In  this  publication  we  describe  the  operating  principles  and  our  first 
experiments  on  an  optical  element  which  has  two  stable  states  in  a  certain 
range  of  input  intensities.  The  basic  element  is  a  resonant  optical  cavity  filled 
with  a  saturable  absorber  {  a  "saturable  resonator").  It  is  passive  in  the  sense 
that  its  only  energy  source  is  provided  by  the  incident  light  beam  itself.  First 
the  operating  principles  are  described,  then  some  applications  to  produce 
short  and  strong  light  pulses  are  given.  An  arrangement  is  described  which 
can  produce  pulses  of  variable  length  and  intensity  and  also  infinite  optical 
pulse  trains  when  excited  by  a  continuous  wave  laser.  Finally,  we  remark  on 
switching  characteristics. 

Bi-stable  and  non  linear  optical  devices  using  lasers,  whose  oscillation 
is  stopped  by  other  lasers  were  described  earlier*  These  used  gain  and 
saturable  absorbing  elements  in  the  same  cavity.  It  will  be  shown  below 
that  in  the  presence  of  an  external  light  bea  m  incident  on  a  cavity  a  saturable 
absorber  alone  can  give  these  characteristics.  As  a  consequence  many  types 
of  lasers  can  be  used;  the  device  becomes  more  flexible  and  has  a  large  range 
of  applications. 


Consider  a  Fabry-Perot  resonator  filled  with  a  saturable  absorber.  We 
assume  that  a  plane  monochromatic  light  wave  impinges  on  the  resonator,  and 
that  when  the  absorber  in  the  cavity  is  bleached,  the  cavity  is  adjusted  to  exact 
resonance.  To  simplify  our  discussion,  we  consider 
steady  state  only,  and  we  also 

assume  that  exact  resonance  is  maintained  even  when  the  absorber  is  not  sat- 
urated.  The  mirrors  are  characterized  by  their  electric  field  transmission 
and  reflection  coefficients,  t  and  p  respectively.  For  complex  fields  these 
are  complex  numbers,  which  for  negligible  mirror  loss  satisfy  1  =  t  -  p, 

1  -  1  p  |  +  JtJ  «  R+T,  where  R  and  T  are  the  usual  reflectivity  and  trans¬ 

missivity  of  the  mirror.  The  cavity  equations  for  the  fields  at  mirror  1  at  some 
time  t  are 


nE  e"2ik*'a^ 

P  h2  e 


E2  =  tEj  +p  E2 


(1) 


subscripts  are  defined  in  Fig.  1.  The  absorption  coefficient  of  the  material,  a 
is  defined  as  usual.  The  solution  of  these  equations  exhibits  the  Fabry-Perot 
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resonance, 


E 


2 


tEj  [  1  -p2e'2 


(2) 


The  transmitted  and  reflected  power  can  then  be  calculated  from  the  equations 

<■ 

Ej  =  p  Ej  +  r  E  g  .  (3) 

In  a  saturable  absorber,  a  is  a  decreasing  function  of  the  local  intensity 
I2  *  (c/8tr)  [Eg  I  .  The  crux  of  our  argument  is  that  for  a  range  of  input  inten¬ 
sities,  I.,  Eq.  (2)  can  have  two  solutions.  In  one  of  them,  the  resonance  is 
prevented  by  the  absorber,  most  of  the  energy  is  reflected,  and  the  field  pene¬ 
trates  but  little  into  the  cavity.  There  are  not  enough  photons  to  saturate  the 
absorber;  if  the  absorption  is  strong,  I2  «  ^  T  and  1^  w  Ij  R.  In  the  other 
state  the  absorber  is  bleached;  the  intensity  inside  the  resonator  is  enhanced 
to  a  value  of  I2  »  Ij  /T,  and  in  this  ideal  case  all  the  light  is  transmitted.  There 
is  little  reflection  and  all  the  light  is  "available"  to  bleach  the  absorber. 

We  proceed  now  to  present  a  more  detailed  though  oversimplified  solution 
for  a  simple  two -level  absorber  and  a  resonator  with  high  reflectivity  mirrors, 

T  =  1  -  R  <<1.  For  high  reflectivity  mirrors,  little  absorption  is  needed  to 
spoil  the  resonance ;  in  particular,  the  strength  of  the  resonance  is  determined 
by  the  dimensionless  parameter  k  =  R  aJL/  (  1  -  R).  Thus,  there  is  a  range 
of  absorption  coefficients  such  that  a  A  <  <  1 ,  but  k  >  >  1 .  These  conditions 
are  overly  restrictive,  but  they  allow  simplification  of  the  above  equations 
which  then  yield  (on  resonance): 


1 

(  1  +  k)2 


(ttt 


(4a) 

(4b) 
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V1! 


,2  ‘ 


(4c) 


(1  +  k)* 

Our  absorber  model  is  a  simple  two-level  system  with  a  single  relaxation 
time  t  R  .  It  obeys  the  rate  equation 


dnu 

nr 


gI2  m\ 

«  Tr, 


(5) 


where  is  the  no.  of  molecules  in  the  upper  (excited)  state,  a  is  the  intensity- 
dependent  absorption  coefficient,  and  I2  /twu  is  the  incident  photon  flux.  The 
absorption  coefficient  a  satisfies  the  equation  of  stimulated  emission, 


or  /  cr0  =  (n|  -  nu  )  /N,  (6) 

« 

3 

where  n|  =  N  -  nu,  N  is  the  total  number  of  molecules  per  cm  and  is 
the  low  light  level  absorption  coefficient.  In  steady  state  Eqs.  (5)  and  (6)  give 


a  9  ao  ( 1  +  h  A)  l"1* 


(7) 


The  threshold  intensity  IQ  depends  on  the  ratio  of  the  relaxation  rate  l/rR  to 
the  mean  molecular  absorption  cross  section  Oq/N.  Substitution  of  Eq.  (7)  into 
(4a)  shows  that  1^  /(IqT)>  Zj  can  be  expressed  as  a  single-valued  function  of 

*2  /!0  "  *2  : 


*1 


(•) 


The  general  behavior  of  this  function  is  sketched  in  Fig.  (2a).  For  high  values 
of  %2  the  slope  Zj  /z2  ■  1;  this  is  the  resonance  condition.  For  low  values  of 
*2  we  get  the  slope  of  the  resonance  in  the  presence  cf  absorption  Zj  /*2  ■ 

(1  4  kQ)2.  pale ulation  of  the  derivative  shows  that  for  values  k0  >  6  there  is 
a  maximum  and  a  minimum  on  the  curve.  We  can  then  predict  for  >  8, 
that  if  I  is  slowly  increased  when  a  point  of  maximum  of  the  curve  of  Fig.  (2a) 


r 


i 
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is  reached,  the  resonator  will  switch  over  discontinuously  from  a  "low 
intensity -high  absorption"  to  a  "high  intensity -low  absorption"  state.  If  a 
point  of  minimum  is  reached,  coming  from  the  high  intensity  side,  a  reverse 
transition  occurs.  Thus,  a  bistable  optical  element  is  obtained,  exhibiting 
hysteresis.  It  can  be  shown  that  the  steady  state  solutions  are  stable  with  re¬ 
spect  to  infinitesimal  perturbations. 

In  the  more  general  case,  where  1  -  R  is  not  small  enough  to  warrant 
the  above  approximations,  the  curves  can  be  plotted  with  the  aid  of  a  digital 
computer,  using  the  more  correct  form  of  Eqs.  (1)  -  (3)  where  exp  l  -  a  JL  J 

is  always  replaced  by  exp  (  -  \  a  (z)  dz  ]  .  The  absorption  coefficient  a  (z) 

<K  pz 

Is  still  given  by  Eq.  (7)  using  ^  (z)  ■  I2  (0)  exp  [  y  a  (z'  )  dz'  ].  One  such 

plot  is  given  in  Fig.  (2b)  for  1  -  R  •  0.  2.  Note  the  similarity  of  the  curves  in 

Fig.  (2)  to  the  pressure  avs.  density  isotherms  of  a  gas-liquid  phase  transition  with  a 

i  critical  point. 

Our  calculations  are  still  oversimplified  since  we  do  not  take  into  account 
the  standing-wave  nature  of  light  that  will  bleach  the  absorber  in  the  form  of  a 
grating  and  the  variation  of  light  intensity  across  the  beam.  Also,  real  life 
saturable  absorbers  are  not  two  level  systems,  in  particular  they  may  have  a 
large  residual  absorption. 

A  time-dependent  version  of  Eq.  (1)  can  be  easily  obtained.  If  the  input 
field  is  suddenly  switched  on,  the  field  inside  the  cavity  rises  exponentially: 

B2  (t)  .  (Ej  fr  )  l  1  -  exp  -  (t  /l^  )  ) 

the  risetime  being  tr  *  (  2jt/c  )  (  1  -  R)’1.  Examination  of  the  equations  with 

the  absorber  present  shows  that  the  risetime  is  even  shorter.  A  saturable  re- 

■ 

senator  of  .  1  cm  thickness  and  95%  reflectivity  has  a  switching  time  of 
~10”*°  seconds.  Ih  a  gaseous  saturable  absorber,  if  the  length  of  the  pulse  is 
longer  than  the  inverse  Doppler  width,  this  risetime  is  lengthened  to  the  inverse 
Doppler  width:  this  is  the  time  it  takes  for  \  -o  ur.  saturated  molecules  to  move 
through  one  wavelength  and  thus  be  saturatco  by  tne  standing  wave  field. 
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Our  first  experiments  demonstrate  the  above  characteristics.  We  put 
a  saturable  resonator  in  the  output  beam  of  a  single  Q-switched  frequency, 
single  axial  mode  COj  laser  ^  on  the  P(16)  10. 6p  transition.  The  reson¬ 
ator  is  2  cm  long,  and  it  has  BaF2  mirrors  coated  with  a  single  X/4  layer  of 
Te.  The  mirrors  are  flat  to  better  than  1/5  red  (6328  A)  fringe.  The  reson¬ 
ator  is  tuned  by  heating  its  spacers  to  a  stabilized  temperature.  It  is  con¬ 
nected  to  a  vacuum  pump,  and  it  can  be  filled  to  various  pressures  of  SF^  gas, 
a  strong  absorber  of  this  transition.  ^  Fig.  (3)  shows  clearly  the  nonlinear¬ 
ity  obtained  this  way,  although  the  pressure  of  the  absorber  was  not  high  enough 
to  bring  us  to  the  bistable  region. 

The  saturable  resonator  was  used  in  a  cavity-dumping  device.  This 
device  (at  least  in  its  ideal  form)  accomplishes  the  same  essential  function  as 
those  described  by  Bridges  and  Cheo^  and  others^  without  the  use  of  an  ex¬ 
ternal  modulator.  As  illustrated  in  Fig.  (4a),  we  replace  one  of  the  laser  mir¬ 
rors  by  a  saturable  cavity.  Q-switching  or  mode -locking  is  initiated  in  the 
usual  way.  (In  our  experiment,  we  used  a  rotating  mirror. )  U  the  saturable 
cavity  operates  in  its  bistable  region,  if  its  switching  time  is  short,  and  if  the 
cavity  is  tuned  to  resonance,  we  expect  a  sudden  increase  in  the  transmission 
of  the  cavity  at  the  appropriate  intensity  of  the  laser.  Thus  in  the  ideal  case 
of  100%  transmission  of  the  saturable  resonator,  a  pulse  is  obtained  whose  phy¬ 
sical  length  is  twice  the  length  of  the  laser,  ft  should  be  emphasised  that  in 
the  high  absorption  region  the  laser  light  does  not  "see"  the  third  mirror,  thus 
alignment  of  the  laser  is  not  critical.  Experimental  results  arc  presented  in 
Fig.  (4  b).  (c).  Fig.  (4b)  shows  the  laser  output  with  an  off -resonance,  empty 
Fabry-Perot.  The  upper  trace  is  the  output  of  the  cavity  through  the  single 
mirror,  the  lower  one  is  the  output  through  the  resonator.  The  difference  in 
the  shape  and  timing  of  the  pulses  is  instrumental.  The  oscilloscope  is  trig¬ 
gered  externally  so  any  change  in  the  relative  position  of  the  pulses  is  signifi- 


cant.  Fig.  (4c)  shows  a  picture  similar  to  (-lb)  with  the  saturable  resonator  ad¬ 
justed  to  resonance  and  filled  to  1.  5  torr  SF^  (  a  .  JL  ~  2.  5  -  3.  5  ).  A  50 
nsec  wide  pulse  of  ~  100  watt  peak  power  comes  out  through  the  saturable  reson¬ 
ator  ( the  laser  round  trip  time,  2  L/c  =  .15  nsec).  At  the  same  time,  the  output 
on  the  other  end  of  the  cavity  drops.  Th  s  experiment  clearly  demonstrates  the 
working  principles  of  the  device.  Switching  levels  at  which  cavity  dumping  oc¬ 
curs  can  be  designed  at  will  using  the  length  of  the  cavity  -  affecting  principally 
kQ  -  and  the  relaxation  time  rQ  which,  in  the  case  of  gaseous  absorbers  (SF^), 
can  be  affected  by  the  addition  of  a  buffer  gas  (He). 

The  rest  of  this  letter  presents  some  other  interesting  applications  of 

saturable  cavities.  They  all  operate  on  paper;  we  also  demonstrated  some  of 

them  in  the  laboratory.  •]-.  )  In  the  configuration  of  Fig.  (4a),  the  resonator  can 

be  operated  outside  the  bistable  region,  either  by  low  absorption  (k0  <  8  )  or  by 

choosing  the  laser  intensity  too  high.  In  this  region,  if  the  time  behavior  does 

not  become  unstable,  we  expect  to  stabilize  the  laser  output  intensity  and  thus 

also  operate  it  ir.  a  single  mode:  if  the  laser  intensity  grows,  the  dye  bleaches 

and  the  output  increases,  thus  decreasing  the  round-trip  gain  of  the  laser.  ^ 

2.)  In  the  same  configuration  of  Fig.  (4a),  the  saturable  cavity  can  be  detuned 

from  exact  resonance;  in  the  high  absorption  region  region  the  reflectivity  is 

essentially  R^  ■  1  -  T,  while  if  the  absorber  is  bleached,  the  reflectivity 

2 

changes  to  Rg  ■  1  -  T  .  Thus,  an  increasing  laser  intensity  leads  to  an  in¬ 
creasing  loop  gain  and  the  laser  performs  repetitive  Q-switching  at  intervals 
determined  by  the  pumping  rate.  This  behavior  was  sees  by  us  experiment¬ 
ally^.  3.)  The  arrangement  shown  in  Fig.  (5),  if  desiped  properly,  produces 
an  infinite  pulse  train  from  a  con  sunt  (CW)  light  input,  it  behaves  like  a  mono- 
stable  multivibrator.  The  saturable  cavity  (mirrors  2,  9  has  to  operate  in  the 
bistable  region.  The  light  intensity  in  the  empty  cavity  (*n!.  rors  1,  2)  grows, 
then  it  switches  out  and  the  cycle  repeats.  The  pulse  dotation  is  2L/c,  and 


the  time  between  pulses  is  determined  by  the  input  intensity,  the  Q  of  the  empty 
cavity,  £nd  the  switching  level.  The  time  between  pulses  cannot  be  longer  than 
the  cavity  holding  time,  Q  (2L/c).  If  the  same  arrangement  is  fed  by  a  pulsed 
(Q-switchcd)  laser  of  appropriate  duration,  a  single  pulse  of  duration  2L/c  can 
be  obtained.  For  a  ruby  laser  input  pulses  of  10-1000  psec  range  can  be  rea¬ 
lised.  4. )  A  saturable  cavity  can  be  brought  from  one  state  to  another  (c.  g. , 
to  high  transmission)  by  shining  light  on  it  from  an  external  source  (e.  g. , 
another  laser).  Such  an  arrangement  performs  a  basic  logical  operation  on  two 
sisals.  Furthermore,  if  the  hysteresis  is  large  enough,  once  switched  over  to 
a  high  transmission  state,  the  device  will  stay  in  that  state  as  long  as  the  input 
is  maintained,  thus  performing  a  basic  memory  operation.  Particularly  inter¬ 
esting  is  the  case  where  the  two  input  beams  are  both  parallel  to  the  resonator 
axis;  we  know  from  the  mode  structure  of  cavities  that  an  incident  light  beam  of 
width  r  ■  (X  k  )^2  ,  where  JL  is  the  length  cf  the  cavity  and  k  the  wavelength, 
interacts  weakly  with  a  similar  beam  parallel  to  it  at  a  distance  comparable  to 
r.  Consequently,  many  adding  and  memory  operations  can  be  performed  in  par¬ 
allel. 
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FIGURE  CAPTIONS 

Fig.  1:  Schematic  diagram  of  a  Fabry-Perot  resonator.  The  electric  fields 
are  defined  on  the  mirrors  1  and  2.  Arrows  show  direction  of  propa¬ 
gation. 

Fig-2  :  Static  characteristics  of  a  Fabry-Perot  resonator  filled  with  a  satur¬ 
able  absorber.  (a)  From  Eqs.  (4),  and  (b)  from  computer  calculation. 

Fig.  3:  Multiple  oscilloscope  photograph  of  Q-switched  pulses  from  a  COg 

laser  operating  on  the  P  (16)  10. 6  p  line  after  light  has  passed  through 
2  cm  long  Fabry-Perot  resonator  tuned  to  resonance.  The  two  traces 
show  the  output  pulse  from  an  empty  cavity  with  —  70%  transmission, 
and  from  a  cavity  filled  with  1  torr  SF^.  Note  the  cutoff  of  the  tail  end 
of  the  pulse  in  the  latter. 

Fig.  4:  "Passive"  cavity  dumping  device,  (a)  Experimental  arrangement  (b) 
and  (c)  laser  output:  upper  trace,  output  through  single  mirror;  lower 
trace,  output  through  resonator,  (b)  resonator  empty,  off  resonance, 
(c)  resonator  on  resonance,  filled  with  saturable  absorber.  Output 
through  resonator  —  100  watt. 

Fig.  5:  Double -cavity  arrangement  to  produce  light  pulses  of  duration  2  L/c. 
The  saturable  cavity  (mirrors  2,  3)  operates  in  the  bistable  region. 
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APPKND1X  II 

TRANSMISSION  OF  COHERENT  OPTICAL  PULSES  IN  CASEOUS  SF6 

C.  K.  Rhooc*  ana  A.  SzBkc 
Physic*  Department,  MIT.  Cambridge.  Maas.  02139 

1.  Introduction 

A  number  of  results,  both  experimental  and  theoretical,  have  been 
obtained  on  the  behavior  of  optical  pulse  propagation  through  an  absorbing 
medium.  The  experiment  involved  a  Q- switched  COj  laser  as  the  source; 
the  absorbing  medium  was  gaseous  SFg.  We  also  present  some  experimental 
results  on  the  spectroscopy  of  SFg  which  bear  on  the  pulse  transmission 
experiments.  On  the  theoretical  side,  wc  present  some  analytical  results 
based  upon  a  simplified  model  discussed  previously.  ^  That  model  neglect* 
inhomogeneous  broadening,  in  the  degenerate  case  its  use  is  entirely 
justified.  The  calculations  are  substantiated  by  some  considerably  more  de- 
tailed  computer  results.  '  Both  calculations  corroborate  the  experimental 
findings. 

This  article  emphasises  the  influence  of  level  degeneracy  (whether 
spatial  or  otherwise)  on  the  propagation  of  coherent  radiation.  These  con¬ 
siderations  arise  in  a  natural  way  in  correction  with  the  problems  of  self 
induced  transparency^*  3*  ^  and  photon  echo/5, 6 * 

The  article  concludes  with  three  appendices.  The  first  presents  son;* 

unusual  observations  of  pulse  reshaping  ir.  5Fg.  The  experimental  evidence 

(3) 

appears  to  indicate  the  presence  of  a  focusing  effect.  The  second  appendix 
gives  the  results  of  calculations  relevant  to  an  experiment  on  COj,  similar 
to  the  transient  nutation  well  known  in  NV.R,  that  would  enable  the  measure¬ 
ment  of  the  de phasing  time  T2*  This  experiment  does  not  involve  a  propagation 
effect.  The  third  contains  some  remarks  on  the  polarisation  dependence  of 
the  photon  ccho^**)  ano  the  modifications  that  arise  for  an  optically  thick 
sample. 
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Tm»  article  in  at  video  into  the  following  sections. 

I.  introduction 

II.  Experimental  Apparatus 

in.  Experimental  Result* 

A.  SFg  Spectroscopic  Data 

B.  Bate  Experiments  Conducted  at  I«ow  KadUtion  Intensity 
and  Low  SFfc  Pressure  (-*  lOnr.Torr) 

C.  Bilse  Experiments  Conducted  at  High  Radiation  Intensity 
and  Moderate  SKg  Pressure  (^40mTorr) 

IV.  Theory  and  Calculations 

A.  Calculations  Corresponding  to  the  Conditions  of 
Section  11IB 

B.  Calculations  Corresponding  to  the  Conditions  of 
Section  1IIC 

V.  Discussion  and  Conclusions 

VI.  Acknowledgements 

VII.  Supplement 

A.  Unusual  Experimental  Ooservatior.  ,r.  SKg 

n.  COa  Fluorescence  Calculations 

C.  Remarx*  Concerning  Photon  Echo  Polarisation  for  an 
Optically  Thick  Medium 
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II.  hsponmcntal  Apimc.iIus 

A  * rhematic  of  the  experimental  apparatus  is  illustrated  in  Fig.  (1). 
The  cavity  of  the  COg  laser  is  bounded  by  the  grating  C  and  the  curved  Ge 
mirror  M.  Q-awitching  is  accomplished  by  the  rotating  mirror  R.  Adjust¬ 
ment  of  the  grating  G  enabled  operation  on  a  single  vibrational- rotational 
transition  in  the  10.6ji  band.  The  wavelengths  were  determined  by  direct 
measurement  with  the  monochromator  K.  previously  calibrated  with  a 
6328^  He-Xc  laser  and  corrected  to  the  vacuum.  The  identification  of  the 
particular  transitions  used  in  this  experiment  was  unambiguous.  A  typical 
output  pulse  is  shown  in  Fig.  (2).  It*  width  is  given  by  r  *  300  nsec.  The 
temporal  coherence  of  the  pulses  was  determined  by  direct  examination  of 
the  signal  modulation  generated  by  beating  the  Q- switched  pulse  against  an 
independent  continuous  wave  COj  laser  in  a  Au:Ge  detector.  Since  the  two 
lasers  were  operating  independently,  the  variation  of  ihe  beat  note  frequency 
during  the  Q- switched  puise  establishes  an  upper  bound  on  the  change  of  the 
optical  carrier  frequency  which  occurs  during  the  Q-switchlng  process.  If 
represents  the  total  change  in  optical  frequency  during  the  Q- switched 
pulse,  it  was  found  that  2 »/r  ,  hence,  enabling  one  to  validly  represent 

the  pulse  in  the  form  Eft)  •  *(t)cos  w  t,  with  slowly  varying  5(0.  The  pulse 
intensity  was  varied  by  an  adjustable,  linear  attenuator.  This  was  accom¬ 
plished  by  filling  cell  S|  with  an  appropriate  amou.it  of  methyl  ether 
(prt  s»u;*c  *  1-100  Torr).  The  linearity  of  this  attenuator  is  assured  by 
operating  at  a  pressure  sufficiently  high  so  that  all  relaxation  ratea  are  »  1  'r. 
A  fraction  of  the  input  pulse  was  passec  through  the  monochromator  K  and 
detected  a:  detector  Dj.  The  rcmamcer  w.*s  directed  through  a  3. 4  meter  SFfi 
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aosurpnon  cell  in  which  the  SKg  pressure  could  be  reliably  set  to  any  pres* 
sure  from  1  mTcrr  to  lOTorr.  This  SKg  pressure  was  measured  by  a  McLeod 
gauge.  The  output  pulse  was  detected  at  D^,  amplified  (if  necessary)  and 
photographed  directly  on  the  CHT  of  a  Testromx  585  oscilloscope.  The  de¬ 
tector  sensed  the  Q-switc ned  signal  which  nai  reflected  from  the  grating 
zero.  This  pulse  established  a  trigger  signal  independent  of  the  intensity  of 
the  pulse  passing  through  the  cell  S2.  Two  types  of  pulse  measurements  were 
made.  One  involved  the  recording  of  the  signal  at  Dg  for  a  fixed  SFg  pressure 
in  cell  Sj  wnile  the  input  pulse  intensity  was  changed  by  varying  the  methyl 
ether  pressure  in  cell  S,.  The  other  corresponded  to  constant  input  pulse 
intensity  while  the  S Kg  pressure  in  cell  was  slowly  changed. 

The  COj  laser  is  of  standard  design  with  NaCl  Hrcvister  window*  and 
.>  flowing  COj-Nj-He  gas  mixture.  Detectors  Dj  and  D,  were  Gc:Au  operated 
at  77°K  while  detector  Dj  was  Cc:Cu  operating  at  liquid  helium  temperature. 
The  system  rise  time  (detector  and  electronics)  for  detector  Dj  was  less  that 

tf\ 

8  nanoseconds  as  determined  by  direct  mcu»  iremont. ' 

III  Kxperi mental  Results 

A.  SKg  Spectroscopic  Data 

A  series  of  experiments  was  performed  with  the  object  of  determin¬ 
ing  the  relative  absorption  and  absorption  versus  pressure  behavior  of 
various  t'Oj  laser  oscillations  in  gaseous  SKg.  Figure  (3)  shows  the  linear 
absorption  data  corresponding  to  the  P(16),  P(18)  and  P(20)CO2  lines  for 
SKg  pressures  under  SOmTorr.  These  measurements  wore  made  with  the 
apparatus  illustrated  in  Fig.  (1)  but  with  the  rotating  mirror  H  replaced  by 
a  stationary  one  to  permit  continuous  wave  operation,  and  detector  D^ 


a 
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followed  by  a  lock-in  amplifier  system.  Input  signal  intensity  was  -  lmWatt. 
Significant  attenuation  occur*  on  all  three  lines  with  the  f*<16>  line  experienc¬ 
ing  the  greatest  absorption.  Since  the  Doppler  width  at  10.  6jj  for  SFg  is 
30 MHz,  these  lines  should  be  essentially  inhomogeneously  broadened  ror  the 
SF#  pressures  less  than  50*i  mTorr.  It  should  be  noted  that  previous  work(6> 
reports  observations  that  are  contrary  to  those  shown  in  Fig.  (3).  They^^ 
describe  the  absorption  as  appreciable  on  only  one  line  for  SFg  pressures 
below  1  mm  Hg  and  identify  this  as  the  P(20)  line  of  COj. 

The  behavior  of  coherent  excitations  is  trtrongly  influenced  by  the 
precise  nature  of  the  states  Involved,  As  an  example,  a  simple  model  des¬ 
cribing  the  effect  of  spatial  degeneracy  has  previously  been  described. <l  * 

In  the  case  of  SF.,  it  is  not  obvious  a  priori  that  the  transitions  in  the  10.6a 

© 

band  are  resolved  with  respect  to  their  Doppler  widths.  Indeed,  in  the  region 
of  a  y -branch  there  is  considerable  likelihood  that  this  is  not  the  case.  For 
definiteness  let  us  consider  the  absorption  of  the  P(16)  line  of  COj*  If  this 
were  caused  by  a  single  sell  resolved  transition,  then  one  would  expect  the 
absorption  to  initially  increase  linearly  with  pressure  and  then  become,  at 
sufficiently  high  pressure,  pressure  independent  when  the  transition  is  hilly 
pressure  broadened.  A:  even  higher  pressure  neighboring  lines  overlap  and 
the  absorption  rises  again.  Experimentally,  no  such  pressure  independent 
region  in  observed.  On  the  contrary,  the  absorption  exhibits  no  Inflection 
points  and  rises  linearly  all  the  way  from  zero  to  1?  mmllg  which  is  well  above 
any  reasonable  limit  for  pressure  broamnir.g.  We  believe  that  this  eonsliiuo  - 
unequivocal  evidence  against  the  hypothesis  which  states  that  the  strong  •rp- 
tion  of  P(lf»)  is  duo  to  a  single  well  resolved  resnnaneo  in  SFfi.  Similar  behavior 
u  eeeiinled  fm  I  In*  in.-.  Tins  i  in  iiurneliin.'ih  ••••••, dual . . 


but  *  crucial  one  in  the  understanding  of  self-induced  transparency  and  photon 
echo  experiments  in  SFfi. 

From  a  spectroscopic  point  of  view  our  findings  can  be  summarized 

as  follows.  The  P(16)  line  of  C02  exhibits  the  maximum  absorption  in  SFg 

although  the  P(18)  and  P(20)  lines  are  also  appreciable  absorbed.  The  tran- 

sitions  involved  in  these  absorptions  of  P(16)  and  P(1 8)  are  not  well  resolved 

in  relation  to  their  Doppler  widths.  Figure  (4).  taken  from  Brunet^  shows 

the  10. 6*i  band  of  SFg  and  the  relative  positions  of  the  COj  lines  according  to 
/  91 

McCuboin.  it  is  Significant  that  the  absorption  of  the  laser  radiation  is  in 
rough  agreement  with  the  low  resolution  spectrum  obtained  by  Unmet.*®* 

This  strongly  suggests  that  the  Oanu  has  many  overlapping  transitions  and  be* 
haven  like  a  continuum  absorber.  Indeed,  *n  a  inter  section,  a  continuum 
model  will  be  introduced  In  the  description  of  the  behavior  of  SFg. 

11.  Raise  Experiments  Cor.ductec  at  l,ow  Radiation  Intensity  and  l.ovi 
SFft  Prest.ure  (~10mTo rr) 

In  order  to  examine  carefully  the  transition  from  the  linear  absorption 

region  to  tnc  nonlinear  region  we  worscu  at  greatiy  reduced  intensities  for 
-3 

these  runs  (-  10  of  av aiiao.c  intensity).  Uc  atso  operated  at  low  pressures 
(~  lOmTorr  SFg)  so  that  the  inequality  T2  »  t  •  300  nsec  would  be  beyond  suspicion. 
In  particular  we  were  concerned  with  tnc  time  delay  of  pulses  in  this  non¬ 
linear  transition  region  together  with  the  rotative  intensities  of  the  transmitted 
radiation.  It  should  be  pointed  out  that  the  electronics  were  all  triggered  by 
detector  Df  which  was  independent  of  tr.e  intensities  of  the  incident  and  trans¬ 
mitted  puises.  Thus  the  relative  positions  of  the  photographed  pulses  with 
respect  to  one  another  are  real,  not  artificial.  Tnree  C02  transitions  were 
examined  in  detail.  P(16),  P(18)  and  P{20).  r.gun  (5)  illustrates  a  sequence 
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of  output  pulses,  at  constant  SFg  pressure,  for  varying  input  amplitude  of  the 
P(16)  lines.  The  first  pulse  in  the  sequence  wa<*  nearly  the  minimum  detectable 
intensity;  its  rhape  is  that  of  the  input  pulse  and  its  dcl«y  is  observed  to  be 
very  small.  As  the  input  intensity  is  raised,  the  delay  is  observed  to  increase 
while  the  pulse  reshapes  dramatically.  As  the  input  intensity  is  raised  further, 
the  delay  of  the  pulse  peak  is  reduced  and  the  pulse  assumes  the  shape  corre¬ 
sponding  to  the  input  pulse.  Figure  (6)  illustrates  the  relative  time  position 
of  the  output  pulse  peak  as  a  function  of  output  intensity  for  the  P(16)  transi¬ 
tion.  It  is  significant  to  notice  that  .the  reversal  of  the  delay  curve.  Fig.  (6). 
occurs  at  an  intensity  which  corresponds  to  the  knee  of  the  saturation  curve. 

Fig.  (7).  Some  recent  calculations  by  Hopf  and  Scully^1  indicate  such  effects. 
Similar  behavior  was  noted  on  both  the  P<1 8)  and  P(20)  transitions.  However, 
in  these  cases  the  results  are  not  as  prominent  since  the  PCI 8)  and  P(20)  lines 
are  absorbed  less  strongly  than  the  P(16).  However,  a  central  point  remains; 
the  behaviors  of  all  three  transitions  P(16),  PCI  8),  and  P(20)  were  qualitatively 
similar. 

The  sequence  of  photographs  in  Fig.  (5)  shows  that  the  pulses  possess 
a  sharp  peak  at  the  leading  edge  corresponding  to  the  sharp  peak  at  the  front 
of  the  input  pulse.  This  small  peak  has  precursor  type  behavior.  The  sat¬ 
uration  curve  for  this  peak  drawn  in  Fig.  (7)  shows  that  it  is  transmitted 
linearly  as  a  function  of  input  intensity  in  contrast  to  the  remainder  of  the  pulse. 

C.  Pulse  Experiments  Conducted  at  High  Radiation  Intensity  and 
Moderate  SF^  Pressure  (~  40  mTorr) 

An  interesting  effect  was  observed  at  high  input  intensities  (i.  c.  in¬ 
tensities  well  above  the  knee  on  the  saturation  curve  shown  in  Fig.  (7).  In 


-31- 


thts  experiment  the  input  intensity  was  held  constant  while  the  pressure  in 
the  SFg  cell  was  continuously  lowered  at  a  slow  pumping  rate.  Figure  (8) 
shows  a  sequence  of  photographs  taken  during  one  such  run  for  the  P(16) 
transition  of  C02«  The  largest  pulse  corresponds  to  an  empty  cell  and  thus 
is  really  the  input  pulse  itself.  The  other  pulses  are  at  progressively  higher 
pressure,  in  the  obvious  order.  The  photograph  clearly  shows  a  reshaping 
of  the  leading  edge  at  an  intermediate  SFg  pressure  around  40  ~  50mTorr. 
This  steepening  corresponds  to  a  rise  time  of  30  nsec.  Care  must  be  taken 


to  have  a  properly  loaded  detector  as  ringing  can  occur  which  will  distort 
the  pulse  shape.  This  steepening  can  occur  from  a  trivial  population  sat¬ 
uration  effect,  but  as  we  will  show,  the  behavior  also  occurs  in  a  system 
with  many  overlapping  levels  even  with  a  fully  coherent  excitation.  This 
will  be  called  an  effective  population  saturation  effect  and  as  in  the  simple  in¬ 
coherent  population  saturation  effect  it  corresponds  to  an  energy  loss  from 
the  propagating  pulse.  Machine  calculations2 Itave  been  made  which  exhibit 


this  sharpening  effect  in  the  limit  of  coherent  excitation,  T2  > 
computations  will  be  described  in  a  later  section  of  this  paper. 


pulse' 


The 


The  effect 


was  seen  appreciably  only  on  the  P(16)  line  of  C02;  probably  on  the  P(  1®  and 
P(20)  lines  there  were  not  enough  absorption  lengths  in  the  sample  tube. 


IV.  Theory  and  Calculations 

A.  Calculations  Corresponding  to  the  Conditions  of  Section  III  H 

In  this  section  we  present  a  simple  model  to  account  for  the  results 
obtained  at  low  SFg  pressure  (~  6  rr.Torr)  and  relatively  low  excitation  (i.  e. 
in  the  region  of  the  knee  o:  the  saturation  curve  Fig.  7).  Since  the  absorption 


-32- 


measurements  described  in  section  III  A  strongly  suggest  that  a  number  of 

overlapping  transitions  are  involved  in  the  absorption  of  the  COg  P(16) 

transition,  we  introduce  a  continuous  distribution  of  dipole  moments  n(u). 

The  quantity  n(ji)  dj* -equals  the  density  of  systems  possessing  dipole  moments 

between  n  and  n  +6^.  That  is,  we  approximate  the  true  physical  situation 

with  an  effective  continuum  of  dipole  moments.  The  extent  to  which  this 

assumption  is  valid  depends  upon  the  nature  and  density  of  the  overlapping 

levels.  We  simply  remark  that  this  is  not  unreasonable,  since  the  Q-branch 

electric  dipole  matrix  elements  for  a  symmetric  top  are  proportional  to  the 

product  mk/(j(j  +  l)]  for  linearly  polarized  radiation,  where  -j  <  m  <  j  and 

-j  <  k  <  j,  with  m  and  k  integral.  This  dependence,  for  sufficiently  high  j, 

will  produce  a  large  distribution  of  matrix  elements,  particularly,  if  several 

* 

overlapping  transitions  are  involved  in  the  absorption. 

The  basic  properties  of  such  a  model  are  illustrated  with  the  choice 
of  n(ji)  =  nQ  (a  constant)  for  -Mm  -  M  -Mm  and  n(/u)  =  0  otherwise.  As  further 
approximation,  it  is  assumed  that  all  the  systems  are  on  exact  resonance, 
u>=  any  inhomogeneous  broadening  is  ignored  and  the  pulse  length  t  is  re¬ 
garded  as  much  less  than  the  inverse  of  the  homogeneous  line  width,  Tg. 

These  conditions  are  precisely  those  presumed  in  Ref.  (1).  We  define 
00 

©GO 2  £  j*  e(t)dt  s  ^  (i) 

-  ob 

where 

S  (t)  =  optical  electric  field  amplitude 

and 

r  =  pulse  width  «  dephasing  time  Tg. 
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Then,  in  analogy  with  Ref.  (1),  the  polarization  density  P (p)  of  the  medium 

after  the  pulse  has  passed^11^  is  given  by 

t  Mm 

**m 

P(p)  =  N  Y  m  sin  f  n(ii)  n  sin  Q(n)(ln  (2) 


} 


■M 


m 


where  N  describes  the  density  of  systems  and  the  sum  is  converted  to  an  in¬ 
tegral  because  the  distribution  n (a*)  is  continuous  (cf.  Ref.  (1),  formulae  5, 
7,  and  8).  The  evaluation  of  the  integral  in  expression  (2)  yields 


P(*)  =  2n0/im  ji.fom*)  (3) 

where  jj(x)  is  the  spherical  Bessel  function  of  the  first  kind  of  order  one. 
For  comparison,  the  polarization  density  Pj(p)  for  a  simple  non- degenerate 
two-level  system  with  matrix  element  nQ  is  written 


P^P)  =  N A»0sin  (a* 0 0)  (4) 

where  N  designates  the  density  of  atomic  systems.  Figure  (9)  shows  plots 
2  2 

of  I  P (<?> )  I  and  iP^p)!  versus  p  with  Mm/ M  0  appropriately  adjusted  so  that 

the  first  zeros  of  P(p)  and  P^p)  coincide  for  firite  p  >0.  The  extent  to  which 

the  continuum  model  can  be  approximated  by  a  two- level  system,  parameterized 

with  At0,  in  the  domain  0  <  p  <  4.  48  is  indicated  by  the  similarity  of  the  two 

curves.  In  this  region  effects  will  occur  that  have  a  qualitative  similarity  to 

(3) 

self- induced  transparency.  Considerably  greater  deviations  begin  to  appear 

for  larger  p  as  a  consequence  of  the  coherent  dephasing  of  the  ensemble  of 
dipoles.  Indeed,  in  the  limit  of  high  excitation  the  polarization  is  arbitrarily 
small  since P(p)  =  0.  This  statement  is  not  true  for  the  nondegenerate 
system  and  it  constitutes  an  essential  distinction  between  degenerate  and  non¬ 
degenerate  media  as  we  have  represented  them.  A  direct  implication  of  this 
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result  is  that  for  high  excitations  (cf.  Fig.  (9))  degenerate  systems  tend  to 
reradiate  very  little  as  compared  to  the  comparable  nondegenerate  case. 
Finally,  we  point  out  that  energy  loss  is  associated  with  this  behavior. 
Again,  following  Ref.  (1)  we  calculate  the  energy  loss  per  unit  volume  W(<£) 
as 


W  (<j>) 


N  y  n(M )  [  1  -  cos  (<t>fx)]  dfji 
^  n(n)  dn 


(5) 


giving 


W<0)  ■  [  1  -  -±—  sin  (^] 


(6) 


Hence,  at  high  excitations  one  approaches  a  constant  loss  given  by 


Nftw 


lim  W (<t>)  = 

<j)  —  oo  2 


(7) 


This  loss,  coupled  with  the  fact  that  the  degenerate  system  is  qualitatively 

similar  to  the  non- degenerate  case  only  in  the  relatively  low  excitation  range 

(cf.  Fig.  (9)),  restricts  the  sample  thickness  for  observation  of  reradiation 

effects.  A  sample  that  is  too  thin  will  not  absorb  and,  hence,  not  reemit. 

On  the  other  hand,  an  overly  thick  sample  will  present  an  overwhelming 

amount  of  loss,  hence,  leading  to  a  diminished  effect.  The  maximum 

observable  effect  will  correspond  to  an  intermediate  sample  thickness.  On 

this  basis  the  model  predicts  that  coherent  reradiation  (pulse  reshaping) 

should  occur  most  dramatically  at  low  pressure  (t  <<  Tg)  and  in  a  narrow 

range  of  input  intensity  for  a  sample  cohresponding  to  a  few  absorption 
(121 

lengths.  Our  attitude  is  supported  by  both  pulse  propagation  experiments 

(2) 

in  SFg  and  more  detailed  computer  calculations  discussed  below. 
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The  experimental  behavior,  as  described  in  section  !HB  of  this  article, 
is  substantially  in  agreement  with  this  simple  interpretation.  The  sample 
corresponded  to  nearly  two  absorption  lengths.  Examination  of  Figs.  (5),  (6), 
and  (7)  shows  that  a  significant  coherent  reradiation  effect  was  observed 
mainly  in  the  region  corresponding  to  the  nonlinear  transition  region  of  the 
saturation  curve  in  Fig.  (7).  Very  little,  if  any  effect,  was  observed  for  in¬ 
put  intensities  above  or  below  this  range. 

More  elaborate  computer  calculations'  '  produced  a  very  similar 
result.  These  computations  incorporated  the  complications  of  a  finite  in¬ 
homogeneous  width,  a  finite  homogeneous  width  T2~*.  and  consequently, 
rendered  a  reasonable  simulation  of  the  SFg  experiment.  The  continuous 
dipole  moment  distribution  n(n),  discussed  above,  was  approximated  by  a 
uniform  distribution  of  discrete  values  spaced  at  equal  intervals  in  p . 
Equivalently,  the  calculations  thus  performed  corresponded  to  a  Q(10) 
transition  of  a  symmetric  top  with  the  k- degeneracy  removed.  The  satura¬ 
tion  curve,  the  dependence  of  the  pulse  delay  on  input  power,  and  the 
broadening  of  the  pulse  by  reradiation  are  all  very  similar  to  our  experi¬ 
mental  results.  This  pulse  broadening  effect,  as  in  the  experiment,  dis¬ 
appeared  for  input  conditions  corresponding  to  points  either  above  or  below 
the  nonlinear  transition  region  on  the  saturation  curve.  It  should  be  noted 


that  the  critical  input  condition  for  a  non- degenerate  two- level  system  would 
be  9jn*  *.  The  computer  result  for  Q(10)  indicated  a  critical  situation  for 
Qina  Recall  that  for  low  excitations  we  argued  that  the  continuum 

model  could  be  approximated  by  a  nondegenerate  system  with  an  appropriately 
chosen  #iQ(cf.  Fig.  (9)).  A  value  of  Mm/p0*  1.43  was  calculated  in  that  ex¬ 
ample.  We  believe  that  this  compares  favorably  with  the  factor  of  1. 4 
suggested  by  the  computer  results.  Of  course,  such  quantitative  agreement 
is  completely  unexpected  in  view  of  the  crude  estimates  that  have  been  made. 
However,  it  does  inspire  respect  for  the  continuum  model  approximation. 

It  is  worth  noting  here  the.t  in  the  continuum  limit  one  can  easily 
estimate  the  dipole  moment  distributions  corresponding  to  P,  Q,  or  R-branch 
transitions  of  a  symmetric  top.  We  treat  separately  the  cases  distinguished 
by  the  presence  or  absence  of  k-degene:’*acy  and  include  the  effect  of  inhomo¬ 
geneous  broadening.  The  quantity  n(p,  w)  is  defined  as  a  density  in  p  -  w  space 
such  that  n(p,w)dp  dw  equals  the  number  of  radiators  possessing  dipoles 
moments  between  p  and  p  +  dp  with  resonant  frequencies  in  an  interval  be- 

f 

tween w  and  w  +  dw.  The  distribution  in  w  is  assumed  flat.  This  is  a  good 
approximation  when  the  ratio  of  the  saturation  width  A  w  =  p  £/h  to  the  in- 
homogeneous  width  is  less  than  unity.  Hence,  it  is  valid  to  put  n(/i,u )  = 
n(p)  p(w)  a.  n(p).  Since  p(w)  is  a  constant,  we  can  integrate  over  a  finite  width 
Aw  giving 

J  <n(p)  p(u) dp)  tiu  =  n(p)  p(w)Aw  dp  =  n'(p)dp  (8) 

A  w 

Now,  if  the  width  Aw  is  identified  as  the  saturation  width,  then  n!  (p)  =  cp  n(p) 
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aince  the  saturation  width  is  proportional  to  the  dipole  moment  n.  The 
number  c  denotes  an  appropriate  proportionality  constant  which  does  not 
concern  us  here.  Hence,  the  inclusion  of  inhomogeneous  broadening 
simply  multiplies  the  dipole  moment  distribution  n(*i)  by  u .  It  remains  to 
calculate  n(*i)  for  the  specific  cases.  This  is  accomplished  by  letting  the 
projection  quantum  numbers  m  and  k  in  the  matrix  elements^1 5^(m,  k) 
represent  continuous  parameters  in  the  interval  (-  j,  jj  and  assuming  that 
each  value  of  m  or  k  is  equally  probable.  Only  transitions  associated  with 
light  polarized  along  the  z- direction  are  considered.  The  results  for  the 
Q-branches  are  quoted  below.  The  quantity  denotes  the  maximum  dipole 
moment  of  the  distributions  so  the  results  are  valid  only  in  the  domain 

1.  Q-branch,  k-degeneracy  removed;  n'Oil^M- 

2.  Q-branch,  k-degeneracy  unbroken;  n'Oi)  a  m (dm*  *»)• 

Similar  results  can  be  obtained  for  the  P  and  R-branches  although  they  are 
somewhat  tedious.  These  distributions  show  a  tendency  to  peak  more  nearly 
about  the  maximum  dipole  moment  of  the  distribution  than  the  Q-branch 
results. 

This  section  is  concluded  with  some  remarks  on  the  intensity  dependence 

/e  g\ 

of  the  photon  echo. '  *  '  These  considerations  will  affect  the  results  of  photon 
echo  experiments  in  that  they  will  lead ’to  a  substantial  reduction  in  the  echo 
intensity  as  a  function  of  the  input  intensities.  Ordinarily,  for  a  nondegenerate 
system  and  a  thin  sample  the  echo  intensity  will  be  periodic  in  the  input  in¬ 
tensities.  However,  in  the  continuum  model,  the  echo  intensity  will  be  strongly 

4  1  1  yyy 

damped  at  high  input  intensities  since  ^wooP (<j>)  =  0.  Indeed,  results  consis¬ 
tent  with  this  picture  have  been  reported  experimentally.  ^  In  this  work^ 


* 
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the  echo  vanished  completely  and  did  not  reappear  at  higher  input  intensities. 

Recapitulating,  we  have  introduced  a  crude,  but  we  believe  descriptive 
model  for  some  coherent  excitation  processes  in  SFg.  We  find  that  for  low  ex¬ 
citation  the  behavior  of  the  degenerate  system  qualitatively  resembles  that  of 

the  simple,  non- degenerate,  two  level  system  (cf.  Fig.  (9)).  The  predictions  on 

pulse  reshaping  and  absorption  agree  well  with  both  our  experimental  findings 

(o\ 

and  more  sophisticated  computer  calculations. '  '  And  finally,  it  is  shown 
that  the  anomalous  intensity  dependence  of  the  photon  echo  in  SFg  can  be 
understood  as  arising  from  the  effects  of  degeneracy. 

B.  Calculations  Corresponding  to  the  Conditions  of  Section  III  C 

The  considerations  described  here  pertain  to  the  experimental  results 
of  section  IIIC.  The  entire  discussion  assumes  that  no  relaxation  processes 
are  operative.  The  principal  effect  reported  in  section  IIIC  was  a  consider¬ 
able  sharpening  of  the  leading  edge  of  the  pulse  under  conditions  of  both  high 
input  intensity  and  an  extremely  thick  sample  (~20  absorption  lengths). 

Figure  (8),  which  illustrates  this  effect,  shows  that  the  decrease  in  the  rise 
time  is  directly  attributable  to  the  energy  removed  from  the  leading  edge  of 
the  pulse.  The  entire  pulse,  however,  experiences  a  modest  absorption  of 
less  than  20%  of  the  total  energy  and  the  tail  of  the  pulse  is  transmitted  with 
no  discernible  effect.  This  behavior  is  typical  of  a  saturation  process;  the 
ultimate  rise  time  being  determined  by  the  time  interval  necessary,  at  that 
intensity,  to  saturate  the  medium.  Because  of  the  degeneracy  of  the  SFg  tran¬ 
sition,  this  saturation  behavior  will  occur  even  in  the  limit  of  a  completely 
coherent  excitation.  We  will  call  this  an  "effective"  saturation  process.  It 
arises  because  the  distribution  of  dipoles  associated  with  the  degeneracy 
cancel  one  another  at  high  excitation  levels  and  put  the  system  into  a  state  of 
essentially  zero  macroscopic  polarization.  However,  a  finite  and  constant 
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energy  is  absorbed  in  this  process.  Hence,  in  this  context  the  term  "saturation" 

describes  a  situation  in  which  an  additional  increment  of  excitation  docs  not 

change  the  macroscopic  stale  of  the  medium,  cither  its  polarization  or  energy 

content.  Naturally,  the  constant  absorption,  for  a  fixed  sample,  is  relatively 

less  and  less  as  the  input  intensity  and  energy  are  increased.  Indeed,  in  the 

continuum  model  presented  in  the  preceding  section,  the  macroscopic  dipole 

moment  left  in  the  medium  after  the  passage  of  the  pulse  is  given  by  Eq.  (3). 

This  is  a  damped  oscillating  ftinction  which  decreases  rapidly  as  the  pulse 

angle  9  is  increased.  At  the  same  time  the  energy  loss  per  unit  volume  tends 
N 

to  — — •  as  expression  (7)  indicates.  In  order  to  establish  the  credibility  of 
this  reasoning,  we  present  the  following  argument.  Consider  only  the  leading 
edge  of  a  pulse  whose  intensity  I(t)  is  rising  linearly  as  given  by 

I(t>  *  Jo  *  ostSTr  (9) 

Tr 

The  quantity  Tr  is  defined  as  the  pulse  rise  time.  We  assume  that  the  medium 
is  saturated  by  this  leading  edge  so  that 

Tr  ^Tr  _ 

J  E(t)  dt  =  4Lm  j  i<t)  dt  =  9m  »  l  (10) 

is  valid  for  the  characteristic  value  of  the  dipole  moments  associated  with 

the  transition.  Since  IQ  and  Tr  are  known  from  the  experiment,  one  can 

calculate  a  rough  estimate  for  the  matrix  element  jum  appearing  in  expression 

o 

(10).  With  IQ  s  1  k  w/cm  ,  Tr=  30nsec,  and  assuming  ©m  s  20,  a  simple 
computation  gives  Mm—  3x10  ^esu.  This  value  is  in  good  agreement^) 
with  estimates  given  for  the  relevant  matrix  elements  in  SFg.  The  argument, 
of  course,  is  only  approximate,  but  since  no  adjustable  parameters  are  at 
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our  disposal,  the  agreement  is  significant. 

The  reasoning  and  conclusions  of  the  preceding  paragraph  have  been 

12) 

Hilly  substantiated  by  computer  calculations.  These  calculations  take  into 
consideration,  level  degeneracy,  inhomogeneous  broadening  and  propagation 
effects  arising  from  an  optically  thick  sample.  The  radiation  field  is  re¬ 
presented  as  plane,  linearly  polarized  ;*unning  wave.  Specifically,  the 
computations  were  performed  for  a  Q-branch  transition  corresponding  to  an 
angular  momentum  quantum  number  j  =  10,  Q(10).  This  particular  choice 
was  made  becuase  the  matrix  element  distribution  for  Q(10)  provides  a 
discrete  approximation  to  a  continuous  distribution  of  matrix  elements  used 
for  discussion  in  the  preceding  section  IVA.  So  we  are  motivated  in  our 
selection  of  a  compatible  case  for  discussion  here.  These  calculations,  with 
the  parameters  appropriately  adjusted  to  correspond  to  the  experimental 
situation,  showed  a  pulse  steepening  effect  remarkably  similar  to  the  one 
observed.  This  result  is  not  peculiar  to  a  Q(10)  transition.  The  identical 
computations  were  performed  for  a  P-branch  transition  with  angular  momentum 
quantum  number  j  =  21,  P(21).  The  conclusion  was  identical.  Thus,  as 
suggested  in  the  remarks  leading  to  Eq.  (10),  it  appears  that  this  pulse  steepen¬ 
ing  effect  emerges  as  a  general  phenomenon  associated  with  the  response  of 
highly  degenerate  media  to  very  intense,  coherent  pulses.  In  principle,  the 
minimum  rise  time  of  this  sharpening  effect  is  limited  by  the  effective  satur¬ 
ation  linewidth  of  the  system.  This  quantity,  from  expressions  (9)  and  (10) 
is  given  approximately  by 


T  3  3  9mf> 
r  2„m 


,  c  & 
Sir  I0 


(ID 


This  time  Tr  can  be  made  arbitrarily  small  by  increasing  the  intensity  I 
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V.  Discussions  and  Conclusions 

Some  of  the  complications  of  pulse  propagation  through  an  absorbing 

medium  which  arise  from  spatial  degeneracy  and  overlapping  levels  have 

been  examined  both  experimentally  and  theoretically.  It  is  found  that  the 

(31 

effect  of  self-induced  transparency,  first  described  by  Hahn, '  '  is  modified 
in  an  essential  way.  These  modifications  tend  to  reduce  certain  features 
associated  with  the  effect.  As  is  now  well  known,  the  strict  case  of  self- 
induced  transparency  is  only  possible  under  very  special  circumstances. 

These  conditions  are  described  in  Ref.  (1).  Unfortunately,  these  modifica¬ 
tions  tend  to  destroy  many  of  the  features  of  the  pure  effect,  namely,  a 
finite  energy  loss  is  assoicated  with  the  pulse  propagation,  delay  times 
are  reduced,  and  the  phenomenon  of  pulse  break-up  is  suppressed.  One 
of  the  most  disappointing  features  cf  this  result  is  that  all  these  tendencies 
qualitatively  modify  the  pulse  propagation  behavior  in  the  same  way  as  the 
introduction  of  a  finite  Tg.  This  will  inevitably  complicate  the  extraction 
of  information  relating  to  collisions  when,  in  future  experiments,  one 
operates  in  a  regime  where  Tg  is  comparable  to  the  pulse  width. 

Our  analysis  is  based  on  a  degenerate,  homogeneously  broadened 
model.  This  is  done  in  order  to  point  out  the  differences  between  degenerate 
and  non- degenerate  systems.  Inhomogeneous  broadening  which  is  present  in 
our  experiments  apparently  modifies  both  cases  similarly. 

Any  study  of  this  nature  using  SFg  involves  obvious  difficulties.  It  has 
been  stressed  that  the  detailed  behavior  of  pulse  propagation  depends  crucially 
on  quantum  numbers  of  the  absorbing  states.  However,  the  precise  level 
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structure  of  SFg  is  both  complicatec  and  unknown.  In  our  analysis  we  have 
attempted  to  utilize  the  apparently  continuous  absorption  through  the  intro¬ 
duction  of  a  continuum  model  (a  continuum  in  w  and  n).  This  program  views 
the  spectral  complications  in  such  a  way  that  a  simplification  obtains.  On 
this  basis  a  number  of  statements  concerning  the  behavior  of  coherent  optical 
excitations  were  made.  All  these  considerations  were  in  the  limiting  case 
of  T,  •.  Thus,  the  main  thrust  of  this  research  has  been  focused  on  the 
examination  of  degeneracy  effects  in  a  continuum  limit.  #  Basically,  two 
different  effects  were  observed  and  described  on  the  basis  of  the  continuum 
model.  The  first  involved  high  excitation  of  a  very  thick  sample.  In  this 
case  an  effective  saturation  behavior  was  observed  which  led  to  a  sharpen¬ 
ing  of  the  leading  edge  of  the  input  pulse.  This  is  a  fully  coherent  effect 
and  a  general  feature  of  degenerate  systems  under  a  broad  range  of  circum¬ 
stances.  The  second  effect  illustrated  pulse  reshaping  and  reradiation 
phenomena  as  they  occur  in  degenerate  media.  It  was  shown  that  under  suit¬ 
able  conditions  (moderate  excitation  and  a  sample  around  one  absorption 
length)  the  results  could  be  qualitatively  understood  by  an  equivalent  two-level 
system.  A  finite  loss  is  assoicated  with  propagation  under  all  these  conditions 
so  no  strict  transparency  is  observed, 
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VII  Supplement 

A  -  Unusual  Experimental  Observation  in  SFfi 

An  unusual  experimental  result  was  obtained  in  a  pressure  and  intensity 

region  well  above  that  described  in  IIIB.  This  result  is  highly  suggestive  of  a 

self  focussing  effect.  The  SFg  pressure  in  the  3.  4  meter  cell  was  around 

‘  3 

50mTorr  and  the  input  intensities  were  approximately  10  times  above  the  in¬ 
tensity  for  maximum  pulse  reshaping  as  discussed  in  Section  IIIB.  Figure  (10) 
illustrates  one  such  result.  The  input  pulse  is  essentially  the  same  as  shown 
in  Fig.  (  2  ).  The  pulse  appears  to  have  broken  up  into  two  well  resolved 
pulses  with  a  node  very  nearly  occuring  between  them.  This  pulse  configura¬ 
tion,  the  sharper  one  travelling  faster  and  both  of  nearly  similar  areas,  is 

precisely  the  wave  form  to  which  a  4jt  input  pulse  is  expected  to  evolve  for  a 

(  3  ) 

non- degenerate  system  as  discussed  by  Hahn.  However,  this  is  not 
happening  here,  at  the  very  least,  in  view  of  the  effects  of  degeneracy.  In¬ 
deed,  careful  examination  indicates  that  the  two  peaks  are  not  passing 
through  the  same  volumes  in  the  absorption  cell.  The  intensity  ratio  can  be 
reversed  by  manipulating  irises.  A  complicated  phenomenon  appears  to  be 
taking  place.  Experimentally,  the  situation  is  ripe  for  violations  of  an  in¬ 
finite  plane  wave  description.  The  sample  has  an  optical  depth  more  than 
20  absorption  lengths  and  our  input  mode  pattern  is  essentially  diffraction 
limited.  The  plane  wave  model'  '  is  very  probably  useless  for  such 
circumstances  (i.  e.  diffracting  input  and  sample  absorption  lengths  »  1). 
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B  -  COg  Fluorescence  Calculations 

It  was  stated  in  the  preceding  sections  of  this  article  that  the  unknown 
spectroscopic  properties  of  SFg  considerably  complicated  the  analysis  of 
coherent  pulse  transmission  experiments.  On  the  other  hand,  COg,  even 
though  it  possesses  the  advantage  of  a  known  structure,  is  practically  use¬ 
less  in  propagation  experiments  because  its  absorption  is  too  small.  In  this 
appendix  we  present  the  results  of  calculations  pertaining  to  CO2  in  an  ex¬ 
perimental  situation  where  the  known  spectroscopic  information  is  used  to 
advantage.  It  is  a  variant  of  the  transient  nutation  effect  well  known  in 
NMR.  The  experiment  is  sensitive  to  any  irreversible  dephasing  time  Tg, 
but  does  not  operate  on  a  propagation  effect.  This  provides  a  generous 
simplification  in  that  only  Schrodinger' s  equation  is  used  in  this  treatment. 
Maxwell's  equation  being  unnecessary  since  no  propagation  effects  are  con¬ 
sidered  (i.  e.  optically  thin  medium).  COg  gas  absorbs  weakly  at  10.  64  be¬ 
cause  the  absorption  occurs  from  an  excited  state  ~  1300  cm"1  above  the 
ground  state  (see  Fig.  (11)).  However,  the  4.  3/j  transition  00°1  ^  00°0  is 

infrared  active  and  the  spontaneous  radiation  radiated  subsequent  to  excitation 

/1  o  \ 

at  10.6/i  is  readily  detectable. '  '  For  a  fully  coherent  excitation  from 

10°0  —  00°1  the  intensity  of  the  spontaneous  emission  from  the  00°1  state  is 
proportional  to  the  sum  of  the  upper  state  populations.  We  denote  the  upper 
state  amplitudes  by  am(.)  and  consider  excitation  on  only  one  of  the  vibrational 
rotational  transitions  in  the  10.6/u  band.  The  spontaneous  emission  intensity 
has  been  calculated  as  a  function  of  input  intensity  for  a  linearly  polarized 
square  wave  input  pulse  of  height  £  and  width  r.  The  effect  of  inhomogeneou 
broadening  is  included.  If  the  upper  state  amplitudes  are  assumed  to  be  zero 
before  the  pulse,  a  standard  solution  of  the  two-level  problem,  ignoring  anti- 
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resonant  terms,  gives  the  upper  state  populations  j  am(^u,  t)(  as 


am  k"'  gO'T> 


_ 1  Sfl) _ 

(« -w1)2  +  (Mme0)2 


sin  ^  T  j  (u  -u'r  +  (i<  e  ) 


m  o 


;1/2\ 

J  j 


where  A<j  =  oj  -  w' 

Mm  =  <uPPer>  m  |  ^0pl  ^ower'  m>  *  t)  =  1 

(diagonal  in  m  since  input  is  linearly  polarized  along  the  z-direction) 

oj  =  angular  frequency  of  optical  radiation 

w'  =  angular  center  frequency  of  irradiated  system. 

If  the  inhomogeneously  broadened  resonance  has  a  center  at  wQ  and  is  described 
by  a  gaussian  distribution  of  width  A<Jj},  then  the  4.  3/i  spontaneous  emission 
signal  is  proportional  to 
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The  summation  extends  over  the  2j  +1  degenerate  levels  associated  with  the 
molecular  transition.  Naturally,  we  have  assumed  that  t  «Tg  in  these  cal¬ 
culations.  We  have  also  ignored  any  dependence  on  the  input  pulse  shape  as 
this  is  known  to  be  weak  (square,  gaussian  or  hyperbolic  secant  wave  forms 
probably  result  in  a  5%  deviation  or  less). 

Figure  (12)  illustrates  the  results  for  two  cases  of  interest.  A  curve 
corresponding  to  the  opposite  case  Tg  «  t,  calculated  by  the  normal  steady 
state  saturation  formula,  is  included  for  comparison.  The  modulation  of  the 
output  intensity  arises  from  the  coherent  excitation  of  states  with  differing 
dipole  moments. 
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Experimentally,  one  measures  the  4.3*1  spontaneous  emission  intensity 
versus  input  intensity  parametrically  as  a  function  of  COg  pressure.  In  this 
way,  Tg  can  be  roughly  defined  by  the  pressure  at  which  the  intensity  modula¬ 
tion  becomes  smeared.  At  this  pressure  Tg  ~t.  An  experiment  of  this  type 
is  presently  under  way  in  our  laboratory. 

C:  Remarks  Concerning  Photon  Echo  Polarization  for  an  Optically 
Thick  Medium 

/e  v 

Gordon  et  al.  have  calculated  the  photon  echo  polarization  dependence 
on  the  relative  polarization  of  the  excitation  pulses  for  P,  Q,  and  R-branch 
transitions  for  several  values  of  angular  momentum  j.  They  give  the  relative 
echo  polarization  under  the  following  conditions; 

a)  the  echo  intensity  is  at  a  maximum  and 

b)  the  sample  is  optically  thin. 

These  results  have  a  dependence  on  the  excitation  pulse  intensities  and  will, 
therefore,  not  apply  to  an  optically  thick  medium.  Indeed,  their  experiment, 
which  was  conducted  on  ar.  optically  thick  sample,  led  them  to  conclusions 
that  they  themselves  described  as  difficult  to  believe  (to  wit  j  =  0  *=■*  j*  =  1  or 
j  =  1  j'  =  1  transition), 

A  complete  solution  of  the  echo  polarization  problem  involving  pro¬ 
pagation  effects  necessitates  an  elaborate  computer  analysis  which  is  not 
presented  here.  Instead,  we  indicate  how  the  qualitative  effect  of  a  thick 
sample  can  be  understood  in  considerably  simpler  terms  as  derived  front  the 

calculation  valid  for  a  thin  sample.  At  this  point  we  follow  the  work  of  Gordon 
(6)  -(l9> 

ct  ai.  in  defining  a  vector  Q  whicn  describes  the  echo  polarization  vector  by 
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*prhn  =  -Sr*  and  the  echo  intensity  by  a  quantity  proportional  to  !Q|  .  Con- 

1  Ql  -  (6) 

sider  the  geometry  illustrated  in  Fig.  (13).  Then  Q  is  given  by 

q  .  ^  sin  (  4|b>)  sin  (S2ml)  sin  (o,  m„)  . 
m,  m\  m" 

-  iijj  J  i  J 

<a,  m  |  P  |b,  m'>  <a,  m' |e  ^  |  a,  m">  < b,  m" |  e  ^|b,m>  (14) 


where 

5  2  <a,ijPz|b,  i>J  F](t)dt 
first  pulse 

*2i  s  2<b,i|Pz|a,i>  J  F2(t)dt 
second  pulse 

Fi(t)  =  cnve^°Pe  o:’  excitation  pulse,  i=  1,2 
Pop  5  diPole  moment  operator 

T  H 

<  a,  i  j  =  lower  state  a,  i  sublevel 

<b,  i  j  *  upper  state  o,  ith  sublevel 

Jy  =  y  -  component  of  angular  momentum  operator. 

The  triple  summation  is  taken  over  all  tne  degenerate  sublevels.  In  a  thick 
sample  the  excitation  functions  d2i  ana  b,  i  vary  considerably  through  the 
sample.  Thus,  for  m  f  m*  the  factor  sin  ^ sin  ^ appearing  in 
Eq.  ( 14)  will  tend  to  a  small  quantity  due  to  the  effective  averaging  over  a 
range  of  b2m  and  b2mi*  However,  for  rr.  =  m'  the  sin^  ^ -  2ni^  will  tend  to¬ 
ward  a  value  of  1/2.  This  averaging  process  then  causes  the  summation  to 

be  dominated  by  the  terms  for  which  m  m' .  The  vector  property  of  Q  is 

contained  in  the  matrix  element  <  a,  m  j  P  |b,  m’>  which  for  m  =  m’  goes  over 
to  <a,  m(  p  |b,  m>,  P  and  P  vanishing.  Hence,  Q  lies  along  the  polar- 
ization  of  the  second  pulse  €g  *  \?  independent  of  the  angular  momentum 
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quantum  states  of  the  participating  levels.  Of  course  this  argument  is  in¬ 
complete  in  that  it  ignores  any  propagation  effects.  In  spite  of  this,  how¬ 
ever,  it  fairly  clearly  establishes  the  tendency  of  thick  samples  with 

degenerate  levels  to  produce  echo  polarizations  which  lie  along  the  second 

2 

pulse  polarization.  However,  this  simple  theory  does  not  give  a  cos  ^ 
dependence  for  the  echo  intensity.  This  intensity  behavior  is,  in  general, 
quite  complicated. 
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FIGURE  CAPTIONS 


1.  Schematic  Diagram  of  the  Experimental  Apparatus 

Key:  A-  wideband  amplifier,  rise  time  ~  3  nsec; 

B-  NaCl  flat  beam  splitter*  uncoated 

^1’  ^3“Ge:Au  liquid  Ng  cooled  detectors 

°2  "  Ge:Cu  liquid  He  cooled  detector 
G  -  grating 

*1*  ^2'  I3  -  adjustable  irises 
K  -  grating  monochromator 
L«2-BaF2  lenses 

^1  "  7  2”  meter  raaius  Ge  mirror,  uncoated 
Mg  -  8  meter  mirror 

Sj  -  attenuator  ceil,  1 5  cm  long 
S2  -  3.  4  meter  SFg  absorption  cell 
R  -  flat  rotating  Q- switch  mirror 
T  -  d  meter  Brewster  window  laser  tube 


Typical  Q-switched  Laser  Pulse. Horizontal  Scale  =  100  nsec/cm 


Linear  absorption  data  for  the  absorption  of  the  P(16),  P(18),  and  P(20) 

lines  (10  0  00*^1  band)  of  CO  in  sv  cir 

'  cu2  in  sF6  for  Si<6  Pressures  below  SOmTorr. 


The  SFg  spectrum  in  the  region  of  10.6*  as  taken  from  Brunet.  <*>  The 
upper  numbers  are  associated  with  points  on  the  SFg  spectrum.  The  re 

lative  positions  of  the  PU6),  P(18).  and  P(20)  transitions  of  C02  are 
described  by  the  lower  arrows. 


A  sequence  of  output  puises  at  an  SFg  pressure  of  6  mTorr,  for  varying  in- 
put  intensity  of  the  C02  P(16)  transition.  In  the  sequence  the  input  intensity 
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5.  (cont)  rises  monotonically  from  the  top  left  to  the  lower  right  reading 
successively  across  the  page.  The  time  scale  for  all  photographs  is 
100  nsec/cm. 

6.  A  delay  curve;  the  position  of  the  output  pulse  maximum  versus  the  in¬ 
put  pulse  intensity  of  the  C02  P{16)  line.  The  SFg  pressure  was  6  mTorr. 
The  delay  times  are  in  units  of  the  SFg  inhomogeneous  width,  T2  =  50  nsec. 

7.  The  saturation  curve  which  corresponds  to  the  data  illustrated  in  Fig.  (6); 
output  pulse  intensity  versus  input  pulse  intensity.  The  SFg  pressure  was 
6  mTorr.  The  small  peak  on  the  input  pulse  has  precursor  type  behavior 
as  indicated  by  the  linear  plot  that  represents  its  response. 

8.  As  output  pulse  sequence  for  the  C02  P(16)  line  as  the  SFg  pressure  is 
slowly  swept.  The  pulse  steepening  occurs  at  an  SFg  pressure  corre¬ 
sponding  approximately  to  40  mTorr.  Pulse  intensity  is  plotted  vertically 
while  the  time  scale  on  the  horizontal  is  50  nsec/cm. 

2  2 

9.  Plots  of  the  polarization  density  functions  squared,  |P( <f> )  |  and  |P^(<£)|  , 
for  the  continuum  model  and  the  quasi-equivalent  two-level  system,  re¬ 
spectively,  versus  The  condition  for  the  coincidence  of  the  first  zeros 
of  P(<£)  and  P^)  for  finite  <t>  >  0  is  Mm/u0  =  1.43. 

10.  A  double  peaked  output  pulse  wave  form  from  the  3.  4  meter  absorption 
cell.  The  SFg  pressure  was  ~  50  mTorr  and  the  input  pulse  corresponded 
to  that  illustrated  in  Fig.  (2).  Pulse  intensity  is  plotted  vertically  while 
the  horizontal  time  scale  corresponds  to  50 ns/cm. 

11.  A  partial  COg  energy  level  diagram  showing  the  vibrational  states  relevant 
to  the  10.6**  absorption  and  the  subsequent  4.  3/u  fluorescence. 
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12.  Intensity  of  spontaneous  emission  at  4.  3| u  versus  intensity  (5^)  of  the 
excitation  pulse  at  10. 6^.  Two  cases  are  shown;  j  =  0  -♦  j»  =  1  and 
j  =  16  “♦  j*  *  17.  The  third  smooth  curve  represents  the  result  for  a  steady 
state  situation,  Tg«  r. 


13. 


The  geometry  for  the  echo  polarization; 

^  =  polarization  vector  of  the  first  pulse, 

^2  =  lz  =  P°larizati°n  vector  of  the  second  pulse, 

both  input  pulses  propagate  along  the  y-axis  with  wave  vectors  k.  =  kD=  k* 

1  »  1 
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